Introduction
Hg is a ubiquitous environmental contaminant and a potent neurotoxin that accumulates in aquatic ecosystems, posing a risk to humans and wildlife. Mercury enters the environment from both natural and anthropogenic sources, but predominantly from coal-fired power plant emissions (1) , and eventually enters aquatic systems via direct deposition and watershed transport. In freshwater and marine ecosystems, inorganic Hg is methylated in sediments and in the water column and MeHg is biomagnified in the food web. Human exposure is almost entirely due to fish consumption that is comprised mostly of marine fish and shellfish. In fact, marine fisheries make up more than 90% of the global fish harvest (2) and provide an important source of protein for the global population (3) . Hg levels in many top predatory marine fish are often above the USEPA recommended criterion of <0.29 µg/g (wet weight) for safe unrestricted consumption (4) .
On the basis of Hg budgets calculated for the oceans, MeHg produced in coastal sediments may provide an important source of MeHg to offshore pelagic food webs (5, 6) . Coastal sediments, particularly in estuaries with many industrialized watersheds, are known repositories of contaminants (7) . Estuaries are also critical areas of Hg methylation, due to geochemical conditions in sediments that are conducive to MeHg production, such as anoxia and periodic wetting and drying from tidal flux (8) (9) (10) . MeHg from estuarine sediments may be transferred to offshore fisheries via physical or ecological transport processes.
Estuaries are critical habitat for many commercially and recreationally harvested fish and shellfish species (11, 12) that are consequently exposed to MeHg produced in situ. Estuaries support many species over their entire life cycle and provide nursery grounds for other species that move to deeper portions of the estuary as they develop and grow (13) . MeHg produced in estuaries may be transported offshore via the "trophic nekton relay" (13, 14) or "bioadvection" (6, 15) through feeding by transient subtidal species on resident intertidal species and migration of juveniles to offshore adult habitat (16) . This horizontal trophic transfer also results in biomagnification of MeHg to top predator species consumed by humans and wildlife (17) .
While MeHg produced in the water column is likely bioaccumulated in marine food webs via direct uptake by phytoplankton and pelagic feeding, MeHg that is produced in sediments can be taken up through either benthic or pelagic pathways (9, 18) . Chemical flux from sediments or methylation in the water column makes MeHg available to phytoplankton at the base of the pelagic food web, whereas feeding in or on sediments links MeHg to the benthic food web. Feeding and burrowing activities by benthic epifauna and infauna influence methylation as well as expose them to MeHg (19) . However, despite their direct contact with sediments, benthic food webs in lakes have lower levels of Hg than pelagic food webs, even in relatively contaminated systems (20) . This counterintuitive relationship may be due to Hg speciation in these different food webs and the influence of organic carbon on the bioavailability of Hg and MeHg. The question remains as to whether benthic fauna are important links between MeHg production in sediments and higher trophic levels in marine food webs.
In this study, we investigate Hg biotransfer from sediments to benthic and pelagic food webs across a gradient of sites, from pristine to highly industrialized. We seek to test the following hypotheses: (1) Hg bioaccumulation in intertidal fauna varies with concentrations in sediments; (2) Hg and MeHg bioaccumulation does not differ between benthic and pelagic fauna; and (3) MeHg biomagnifies in intertidal food webs. These are fundamental transfer processes that need to be addressed in order to determine the pathways of MeHg transfer from sites of production in estuarine sediments to coastal fisheries.
Methods
We studied four sites in the Gulf of Maine (GOM) and measured Hg, MeHg, and percent of total Hg as MeHg (%MeHg) in benthic and pelagic fish and invertebrates and compared them to in situ sediment concentrations and to their stable isotope signatures ( 13 C and 15 N). To represent a wide range of functional feeding groups and trophic levels, we sampled major benthic primary consumers, secondary consumers, and tertiary consumers. In 2003, we collected a full range of taxa and in 2004, we focused on four focal taxa: a filter feeder (Mytilus edulis), a vertebrate omnivore (Fundulus heteroclitus), a benthic grazer (Littorina littorea), and a benthic omnivore (Carcinus maenas).
We sampled at four sites in intertidal areas with similar patterns of tidal inundation but differing in degrees of Hg contamination. Sites were located in (1) Adams Point (ADAMS) in southeast Great Bay, NH, where Hg inputs are low (21) and land use is relatively forested; (2) the Portsmouth Harbor Region of Great Bay (PHGB), which is highly industrialized and adjacent to numerous contaminated sites; (3) the Webhannet Estuary in Wells, ME (WELLS), which is undeveloped except for some residential areas (mostly seasonal); and (4) Northeast Cove on Mount Desert Island, ME (MDI), adjacent to Acadia National Park, which is pristine but receives relatively high atmospheric inputs of Hg (22) .
Sediment Sampling and Analysis. Sediment samples were collected in summer 2004 and 2006 at different sites using a 6 cm diameter coring tube. The top 2 cm of nine sediment cores were composited into a single sample. Subsamples of the composite were freeze-dried, homogenized, and analyzed for total Hg (THg as µg/g DW) and percent total organic carbon (%TOC using thermal partitioning at 550°C; EPA 440.0; see Supporting Information).
SEM-AVS (simultaneously extracted metals-acid volatile sulfides) is a measure of biovailability in which the AVS (largely iron sulfides available for binding divalent cationic metals to form insoluble metal-sulfide complexes) reduces the metal biovailability and toxicity of metals in sediments. Values <1.0 indicate no bioavailability of metals. Separate sediment samples (three replicates per site) were collected for SEM-AVS analysis by taking a plug of sediment under water to prevent contact with air. Samples were frozen immediately and later analyzed (see Supporting Information).
Chlorophyll and Zooplankton Sampling. We collected chlorophyll, dissolved organic carbon (DOC), and zooplankton samples in summer 2003 at each GOM site at high tide. These samples were not indicative of conditions throughout the tidal cycle but a measure to compare aqueous conditions across sites at a single time point. Zooplankton samples were collected at high tide using a 202 µm nonmetallic plankton net for multiple vertical tows. Samples were collected and stored in 30 mL acid-cleaned Teflon vials (23) . In the laboratory, samples were freeze-dried, milled in acidcleaned Teflon vessels with Teflon-coated steel balls, and split for Hg and stable isotope analyses. Trace metal clean protocols were used in all field and analytical work (24) . Reagents were trace-metal grade wherever possible, and procedural blanks were included in all cases.
Benthic Invertebrate Sampling. Invertebrates were sampled using plastic trowels, minnow traps, D nets, pitfall traps, or collected by hand. Sediment samples were sieved through a 0.5 mm, nylon-coated mesh, returned to the laboratory where invertebrates were sorted, and identified to the lowest practical taxon. All samples were handled with trace metal clean technique and stored in either acid-cleaned plastic bags or acid-cleaned Teflon vials (for smaller organisms) and frozen. Later, frozen samples were thawed, rinsed with ultraclean water, weighed, and freeze-dried. Mollusks were removed from their shells prior to freeze-drying.
Fish Sampling. Fish sampling was conducted at mid to high tide levels using fish seines, fyke nets, and minnow traps. Fish total lengths and wet weights were measured. Sizes of individuals for each fish and invertebrate species were standardized for Hg tissue samples to reduce the influence of size on feeding habits and trophic position (25) . Fish were frozen in acid-rinsed plastic bags for storage and prepared as in Chen and Folt (26 15 N/ 14 N) were measured for each species. 13 C was used to identify food sources (27) such as benthic vs pelagic production (28) or marsh plants versus phytoplankton (29) . 15 N was used to identify the trophic levels of the organisms studied (27) . Stable isotope samples of M. edulis were not collected from Wells in 2004 but samples from 2006 were used after stable isotope values from multiple years were compared to ensure minimal year to year variation.
Hg and MeHg Analysis. All metal samples were analyzed by the Dartmouth Trace Element Core Facility using a magnetic sector inductively coupled plasma-mass spectrometer (ICP-MS ELEMENT2, Thermo-Finnigan, Waltham, MA). Total Hg samples were microwave-digested for analysis with a nitric acid digestion (Seastar). Total Hg in biota and sediments was analyzed using cold vapor-ICP-MS (instrument detection limits of ca. 0.1 ng L -1 ). External quality control was achieved by digesting and analyzing similar amounts of standard reference materials (SRM's: NIST SRM 2976 mussel tissue, n ) 4, and DORM-2, NRC-CNRC Canada). Average Hg recovery rates were 103.5 ( 5% for the mussel SRM and 93% for DORM-2. For total Hg the method detection limit is approximately 2 ng g -1 based on a sample weight of 30 mg and digestion volume of 10 mL. Field blanks for zooplankton were 16 ng L -1 , 100 times lower than the average sample concentrations.
Samples from 2004 were analyzed for Hg speciation using isotope dilution gas chromatography-ICPMS. Samples were freeze-dried, spiked with an appropriate amount of enriched inorganic 199 Hg (Hg i ) and enriched methyl[ 201 Hg]mercury (MeHg) and then extracted in 2-3 mL of KOH/methanol (25% w/v). One of two methods for Hg speciation was employed depending on the expected level of Hg in the original sample, a function of the initial available sample mass. For <20 mg, the methodology involved purging with inert gas and trapping on a Tenax trap that was thermally desorbed and Hg species were quantified by isotope dilution GC-ICP-MS using a high sensitivity Element2 ICP-MS in low resolution mode. For >20 mg, samples were analyzed according to Perna et al. (30) . The latter methodology is less time-consuming than the purge and trap method but has higher detection limits and is only suitable for larger initial sample masses. Quality control was conducted through the analysis of two SRM's: NIST 2976, mussel tissue with MeHg certified at 0.0278 ( 1.1 µg g -1 , and CRC (Ottawa, Canada) DORM-2, dogfish muscle, MeHg concentration of 4.47 ( 0.32 µg g -1 . Average recovery for MeHg in DORM2 was 108% (n ) 13, rsd ) 3.4%), and for NIST 2976, average recovery was 114% (n ) 12, rsd ) 10%). Method detection limits for MeHg analysis by isooctane extraction and capillary GC-ICP-MS (Agilent 7500c, Palo Alto, CA) are 5 ng g -1 assuming an initial sample mass of 200 mg. For the purge and trap GC-ICP-MS (Element 2, Thermo-Fisher, Bremen, Germany) method, detection limits are 0.2 ng g -1 based on an initial sample weight of 25 mg.
Data Analysis. We used log 10 -transformed metal concentrations in all analyses, as this equalized variance and normalized residuals. All analyses were conducted using the statistical software program JMP 5.01a. Biota-sediment concentration factors (BSCF) were calculated for the four focal taxa collected in 2004 (BSCF ) THg concentration in biota/THg concentration in sediment). The relationship between BSCF values and %TOC or SEM-AVS across sites was determined using analysis of covariance (ANCOVA) with species as an additive classification term. We used ANCOVA to test for a relationship between sediment THg vs Hg and MeHg concentrations in the focal species across sites. The ANCOVA model included species as a classification term and sediment Hg as a covariate, with mean Hg or MeHg for each species at each site as the response. In ANCOVA analyses, we initially tested for interaction terms, but none were significant and were dropped from the models. We only conducted this analysis for the 2004 data, as not all species were collected at all sites in 2003. We used factorial analysis of variance (ANOVA) to test for differences in Hg and MeHg concentrations in focal species across sites. The ANOVA model included classification terms for both species and site, as well as their interaction.
We analyzed stable isotopes of N and C to identify organisms that feed more on pelagic resources (more depleted 13 C) and feed at higher trophic levels (more enriched 15 N). These patterns in stable isotopes reflect position within a food web, but there was confounding spatial variation in isotopic signatures across sites. Therefore, we included site as an additive blocking factor in an ANOVA to test for differences among the focal species. Thus, stable isotope values were compared between taxa within sites not across sites.
Results
The four sites investigated in this study captured a range of Hg concentrations in sediments from 0.008 to 1.135 µg THg g -1 DW ( Table 1) . As expected, the more industrialized Great Bay, NH sites had higher sediment concentrations of total Hg and %TOC. Although grain size was not measured, there was variation across sites, with the WELLS site (the most pristine site) having the greatest contribution of sand vs silt. The WELLS site also had the lowest sediment Hg concentrations by more than 2 orders of magnitude and the lowest %TOC. All sites had excess AVS relative to total SEM, but the WELLS site had the least negative SEM-AVS levels (-0.77, all others <-10.0) suggesting it had the smallest amount of sulfide available to bind free metal ions. DOC concentrations in the water column were similar across sites, but chlorophyll concentrations differed between sites, being the highest at MDI followed by ADAMS, PHGB, and WELLS (Table 1 ; p ) < 0.0001).
There was a significant positive relationship between Hg in sediments and %TOC across our sites ( Figure S1 , Supporting Information, P ) 0.003). Consistent with higher Hg in sediments at sites with high %TOC, Hg concentrations in the four focal taxa were also positively related to %TOC ( Table  2 , P ) 0.05). However, BSCF's calculated for the four focal taxa across the four sites were negatively related to %TOC (Table 2 ; P < 0.001, Figure 1a) . Calculated BSCF's were also positively related to SEM-AVS (Table 2 , P < 0.001, Figure 1b) , indicating that WELLS, the most pristine site with the least negative SEM-AVS, had the highest BSCF. The negative AVS-SEM values across all the sites would suggest that inorganic Hg is not bioavailable at any of the sites, but the bioaccumulation data indicate otherwise.
Both total Hg and MeHg concentrations in organisms collected in 2004 tended to be higher at sites where sediment total Hg concentrations were higher (Table 2, THg, P ) 0.04; MeHg, P ) 0.06). However, sediment Hg concentrations alone were a poor predictor of concentrations in organisms (partial r 2 < 0.3) and the 2-4-fold range in organism Hg and MeHg concentrations for each taxa across sites did not reflect the Table 2 for statistics. Equation for SEM-AVS ANCOVA: log 10 BSCF ) X -0.067 × SEM-AVS, where X ) 0.68 for Carcinus, 1.03 for Fundulus, 1.01 for Littorina, and 1.27 for Fundulus; see Table 2 for statistics. more than 100-fold range in sediment Hg concentrations (Figure 2a-c) . Furthermore, PHGB sediments were by far the most contaminated, but organisms at PHGB did not consistently have the highest total Hg or MeHg concentrations.
Hg concentrations in 2004 biota varied significantly across both sites and species (Table 2, Figure 2 ; site, P < 0.0001; species, P < 0.0001). However, there was a significant interaction ( Table 2 , P ) 0.0002); species with the highest Hg concentrations were not the same across sites. MeHg concentrations also varied significantly across both sites and species (Table 2 ; site, P < 0.0001; species, P < 0.0001), again with a significant interaction (Table 2, P < 0.0001). Despite the interaction, Fundulus and Mytilus clearly tend to have higher MeHg concentrations than Carcinus and Littorina (Figure 3) . The %MeHg varied significantly across species (Table 2, P < 0.0001) with a relatively small but statistically significant difference across sites ( Table 2 , P ) 0.003) and an interaction ( Table 2 , P < 0.0001). Despite the interaction, predatory species, Fundulus and Carcinus, clearly tend to have higher %MeHg than Littorina and Mytilus (Figure 4) . Differences in food source and trophic levels between the four focal taxa across sites were related to MeHg concentrations and %MeHg. δ 13 C signatures differed significantly across species (Table 2; δ 13 C, P < 0.0001; Figure  3a ) and were more depleted for the nominal pelagic feeding species (Mytilus and Fundulus), confirming that the Mytilus and Fundulus species utilize more pelagic food sources than the benthic-feeding Carcinus and Littorina. As indicated above, these pelagic-feeding species also tended to have elevated MeHg concentrations. δ 15 N values differed significantly across species (Table 2; δ 15 N, P < 0.0001; Figure 4a) and were higher in the predator/omnivore species (Carcinus and Fundulus), confirming that Carcinus and Fundulus feed at higher trophic position than Littorina and Mytilus. Although MeHg concentration was not elevated in the predators/omnivores, as indicated above, the %MeHg was elevated, indicating that MeHg biomagnifies in these intertidal food webs.
Discussion
Hg deposition in eastern North America is elevated (1) and Hg levels in fish from New England coastal basins are among the highest in the country (31) (32) (33) . In general, estuaries with major anthropogenic inputs receive higher concentrations of organic and inorganic contaminants as well as nutrients and organic matter, which influence the redox status at the sediment-water interface and control metal flux (34) . Both the supply of organic matter and the supply of Hg to the sediments influence Hg bioavailability to methylating bacteria and bioaccumulation by benthic and pelagic organisms (10, 35, 36) . Biogeochemical Factors. Studies of Hg biogeochemistry and bioaccumulation in estuarine systems (5, 9, 10, (37) (38) (39) show methylation increasing in sediments with increasing inorganic Hg but decreasing methylation with high levels of carbon and sulfides. However, the presence of organic rich carbon pockets or bulk sulfides, indicating the presence of organic carbon, can also provide a substrate for enhanced MeHg production (40, 41) . In this study, total Hg and %TOC in sediments were positively related suggesting, as others have found (33, 38, 40-42) , that a significant portion of the variance in total Hg in sediments is due to retention by %TOC. In other studies, this relationship is also related to grain size, where finer sediments are associated with higher %TOC concentrations (41, 43) . %TOC and AVS are also biogeochemically linked to one another, since TOC in sediments produces the anaerobic conditions under which AVS are created. The extent to which divalent metals bind to AVS is determined by the solubility product of their respective sulfides. Among the heavy metals, HgS is the least soluble and Hg is therefore bound most tightly (i.e., it is the least soluble of metal sulfides). Consequently, the presence of excess AVS at all of our sites implies that all inorganic Hg should be bound (and not bioavailable).
Elevated organic carbon in sediments reduces bioaccumulation of MeHg by benthic fauna (44) . In a range of sites in Chesapeake Bay, where sediment concentrations of Hg vary by 25 times, concentrations in benthic invertebrates vary by only 2-4 times (42, 45, 46) . Data in the present study show similar trends, where total concentrations of Hg in sediments vary by more than 2 orders of magnitude across sites but the concentrations in biota vary by only 2-4 times. Thus, despite the higher supply of Hg in sediments and the slightly higher bioaccumulation in more contaminated sites, the bioavailability of Hg and MeHg to benthic fauna appears to be strongly influenced by organic carbon.
The effect of organic carbon on Hg bioaccumulation becomes evident when examining the relationship between BSCF, a measure of bioaccumulation relative to in situ sediment Hg concentrations, and %TOC or SEM-AVS. As in previous metal studies, there is a negative relationship between BSCF and %TOC and a positive relationship with SEM-AVS (42, 45, 46) . The significant positive relationship between BSCF and SEM-AVS indicates that, when normalized to sediment concentration, the greater binding capacity in the sediments with more excess AVS lowers bioaccumulation in benthic fauna. However, all of the sites in this study had excess AVS, which did not prevent Hg bioaccumulation in benthic fauna. In fact, the higher biotic THg and MeHg concentrations in sites with the most excess AVS suggests that the SEM-AVS is not a good predictor of bioavailability. Thus, TOC may play a greater role in controlling Hg bioavailability in these sediments.
Ecological Factors. MeHg transfer from sites of methylation in sediments to higher trophic levels involves both benthic and pelagic pathways. Studies of food web structure in estuarine systems using stable isotope reveal that primary and secondary consumers utilize a mixture of detrital and algal based food sources (13, 47) . Numerous studies have shown that more pelagic consumers feeding on phytoplankton are more depleted in 13 C than benthic consumers feeding on benthic microalgae and saltmarsh vegetation (47) (48) (49) . In the food webs studied here, our four focal species represent different functional feeding groups and trophic levels. δ 13 C signatures confirm that Mytilus is the most pelagic in its feeding on phytoplankton and particulate organic matter. Fundulus, an omnivorous resident species, is slightly less depleted in 13 C, reflecting its pelagic-benthic diet of zooplankton, benthic microalgae, and Spartina detritus (27, 29, 47, 50, 51) . The two benthic epifauna, Littorina and Carcinus, have more enriched 13 C signatures reflective of their diets on benthic algae and benthic invertebrates, respectively.
In the intertidal food webs studied here, MeHg concentrations are higher in more pelagic feeding species (more depleted δ 13 C signature), suggesting that the more important pathway from MeHg production in sediments to marine fish may be chemical flux into the water column and absorption by and ingestion of particulates rather than direct ingestion of sediments. The more pelagic taxa, Mytilus and Fundulus, represent different trophic levels, but both derive a major portion of their diet from particulates or organisms feeding on particulates and both contain higher concentrations of MeHg. Total Hg concentrations for these two taxa are within the ranges found in other studies (Fundulus, 250 ( 160 ppb DW (52); mussels, 250-1200 ppb DW (53)). The two benthic taxa (Littorina, Carcinus) also representing different trophic levels have lower MeHg concentrations, potentially due to their sediment-based diets. The bioconcentration of MeHg by particulates that can range up to 6 orders of magnitude may drive the higher exposures to MeHg in pelagic fauna than benthic fauna. The importance of the pelagic pathway in transferring MeHg also suggests that methylation in the water column could have an important role in supplying MeHg to pelagic food webs and marine fish species that humans consume.
In this study of the lower trophic levels of benthic and pelagic food webs, the %MeHg increases with trophic level while MeHg concentrations do not. The biomagnification of MeHg in most aquatic food webs results in increasing concentration or %MeHg with trophic level (1, 54) . However, these generally involve food webs extending from lower trophic levels to apex predators (1, 5, 17) . For most piscivorous fish species, total Hg is comprised almost entirely of MeHg (>95%), making these species particularly important vectors of human exposure. However, lower trophic level organisms where MeHg enters marine food webs vary greatly in their %MeHg, ranging from 5 to 80% (1, 35) . Similar to these studies, we find that %MeHg ranges from 18 to 35% in Littorina, 20 to 57% in Mytilus, 60 to 84% in Carcinus, and 42 to 82% in Fundulus.
These estuarine food webs are potential sources of MeHg biotransfer from sediments to coastal food webs by virtue of their proximity to MeHg production and flux from the sediments and their ecological connection to offshore fisheries via a "trophic nekton relay" (13, 14, 47) . This ecological transport mechanism of both energy and contaminants may be an important source of MeHg to offshore fish that reside in environments far from MeHg sources (3, 5) . Thus, the biogeochemical and ecological processes mediating MeHg bioaccumulation in lower trophic levels in estuarine sediments can have far reaching effects on the ultimate fate of MeHg in marine food webs. Although more contaminated sites have much greater supply of Hg for methylation and uptake, Hg bioavailability to benthic fauna is substantially reduced by sediment organic matter. In addition, across a range of estuarine sites, benthic feeding in or on sediments may provide a less efficient pathway for MeHg biotransfer than pelagic feeding on suspended particulate organic matter.
